Structural and Thermodynamic Principles of Viral Packaging  by Petrov, Anton S. & Harvey, Stephen C.
Structure
ArticleStructural and Thermodynamic
Principles of Viral Packaging
Anton S. Petrov1 and Stephen C. Harvey1,*
1School of Biology, Georgia Institute of Technology, 310 Ferst Drive, Atlanta, GA 30332, USA
*Correspondence: steve.harvey@biology.gatech.edu
DOI 10.1016/j.str.2006.11.013SUMMARY
Packaging of genetic material inside a capsid is
one of the major processes in the lifecycle of
bacteriophages. To establish the basic princi-
ples of packing double-stranded DNA into a
phage, we present a low-resolution model of
bacteriophage f29 and report simulations of
DNApackaging. The simulations showexcellent
agreement with available experimental data, in-
cluding the forces of packaging and the average
structures seen in cryo-electron microscopy.
The conformation of DNA inside the bacterio-
phage is primarily determined by the shape of
the capsid and the elastic properties of DNA,
but the energetics of packaging are dominated
by electrostatic repulsions and the large entro-
pic penalty associated with DNA confinement.
In this slightly elongated capsid, the DNA as-
sumes a folded toroidal conformation, rather
than a coaxial spool. The model can be used
to study packaging of other bacteriophages
with different shapes under a range of environ-
mental conditions.
INTRODUCTION
Packaging of double-stranded DNA (dsDNA) into bacte-
riophages is a complex process that involves the assem-
bly of the phage head (procapsid), injection of dsDNA
into the phage aided by an ATP-driven motor, structural
arrangement of DNA inside the capsid, and transformation
into a highly condensed, near-crystalline state, which is
accompanied by the maturation of the capsid. In recent
years, significant experimental advances have revealed
many aspects of this process (Salas, 2006). Loading-force
measurements with optical tweezer techniques on bacte-
riophage f29, which has been used as a model system for
the viral-packaging studies, indicate that a strong force
(57 pN) is required to load DNA into a small volume
(Smith et al., 2001). This force is thought to compensate
for the increase in DNA bending and electrostatic energies
during DNA packing into the capsid, and for any entropic
penalty associated with DNA confinement.
Single-particle cryo-electron microscopy (cryo-EM) has
been widely used to provide information about the struc-Structure 15,ture of empty and filled capsids as well as of encapsidated
DNA (Cerritelli et al., 1997; Jiang et al., 2006; Lander et al.,
2006). Capsid shells are highly symmetric, which allows
their structures to be determined by crystallography or
cryo-EM, but less is known about the conformations of
DNA packed inside phages (Tao et al., 1998). This differ-
ence occurs because DNA inside phages does not have
a single conformation; thus, cryo-EM images constructed
by averaging data from a large number of photographs
provide information only about the probability distribution
function for the DNA density, not about the conformation
of a single molecule.
The power of modern computers allows one to perform
simulations of the injection of viral DNA into capsids by
using coarse-grained, low-resolution models (Arsuaga
et al., 2002; LaMarque et al., 2004; Locker and Harvey,
2006). Such simulations can provide both thermodynamic
data for the injection process and information on the struc-
ture of individual DNA conformations. Our group (Arsuaga
et al., 2002; LaMarque et al., 2004; Locker and Harvey,
2006) as well as others (Forrey and Muthukumar, 2006;
Kindt et al., 2001; Purohit et al., 2005; Spakowitz and
Wang, 2005; Tzlil et al., 2003) have used a variety of theo-
retical and computational approaches to investigate the
packaging process. However, all previous studies con-
tained drawbacks that can be classified into three groups:
(1) assumption of the final DNA conformation (Arsuaga
et al., 2002; Kindt et al., 2001; Purohit et al., 2005; Tzlil
et al., 2003); (2) oversimplified descriptions of DNA-DNA
interactions (Arsuaga et al., 2002; Forrey and Muthuku-
mar, 2006; LaMarque et al., 2004; Spakowitz and Wang,
2005); and (3) oversimplified description of the capsid’s
shape (Arsuaga et al., 2002; Forrey and Muthukumar,
2006; LaMarque et al., 2004; Locker and Harvey, 2006).
Therefore, none of the previous simulations was able to
provide a correct quantitative thermodynamic description
of the injection along with information about individual
DNA conformations.
In this study, we present a simulation of the injection of
dsDNA into bacteriophage f29, along with a thermody-
namic and structural analysis of the packaging. f29 is
ideal for this study because the forces associated with
packaging have been determined experimentally (Smith
et al., 2001). It contains a 19,272 base pair genome
packed into an elongated capsid with an ATP-driven mo-
tor located at the distinctive bottom vertex of the capsid
(Tao et al., 1998). Modeling of the f29 phage is simpler
than some other bacteriophages because its capsid21–27, January 2007 ª2007 Elsevier Ltd All rights reserved 21
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et al., 1998).
RESULTS
Packing Simulations
The model capsid was constructed as an elongated pen-
takisdodecahedron with dimensions 420 A˚ 3 580 A˚ and
80 triangular faces (Figure 1A). The faces were filled with
spheres of radius 8 A˚ to prevent leakage of the DNA mol-
ecule (Figure 1B). A cylindrical core was incorporated at
the bottom of the capsid to account for the presence of
the head-tail connector (Tao et al., 1998). It is 146 A˚
long, with an outer diameter of 108 A˚ and an inner diame-
ter of 50 A˚. DNA was modeled by using a reduced repre-
sentation of beads on a chain, where six consecutive base
pairs were modeled by a single spherical pseudoatom of
radius 12.5 A˚, giving a total of 3212 beads. The Hamilto-
nian accounts for stretching and bending elastic stiffness,
the repulsive DNA-DNA interaction (including electrostatic
and solvation forces), and DNA-capsid volume-exclusion
terms (see Experimental Procedures). We neglected the
torsional stiffness of DNA since it makes the smallest con-
tribution to the total energy (SpakowitzandWang,2005).All
parameters used in the simulations, except capsid dimen-
sions, were obtained independently of any virus-related
data.Noadjustableparameterswereused tomatch theex-
perimental measurements of force as a function of percent
DNA packaged; thus, the match between our results and
those data (seebelow) is a post hoc validation of themodel.
Packaging was driven in 10 A˚ steps, each of which was
followed by extensive equilibration. Throughout packag-
ing, five DNA pseudoatoms in the cylindrical core were at-
tached by bonds to five fixed pseudoatoms lying on the
axis of the core (‘‘studs’’). Each step in packaging was
achieved by changing the restraints to move the DNA
pseudoatoms forward 10 A˚, thus ratcheting the DNA into
the capsid. Molecular dynamics (MD) was used for equil-
ibration after each step. The MD timestep was 1 ps, and
equilibration protocols were established by examining
the characteristic decay times of a variety of structural
and energetic parameters along the course of trial pack-
aging trajectories.
It should be emphasized that MD is used because we
have found that it is the most efficient algorithm for equili-
brating successive structures along the packaging trajec-
tory (Arsuaga et al., 2002; LaMarque et al., 2004; Locker
and Harvey, 2006). The total timescale covered by the tra-
jectory in silico (70 ms) does not have any relationship to
the time required for packaging the DNA in vivo or in vitro
(seconds to minutes). The timescale of the simulations
cannot be taken literally, because of the use of the
coarse-grained model for DNA and the absence of explicit
solvent. Furthermore, the injection was performed in the
‘‘pulse’’ mode: the DNA pseudoatoms in the core are
ratcheted forward by 10 A˚ almost instantaneously, and
this step is followed by much longer relaxation of the sys-
tem. This approach greatly accelerates structural equili-
bration and convergence of the thermodynamic properties22 Structure 15, 21–27, January 2007 ª2007 Elsevier Ltd All rig(Arsuaga et al., 2002; LaMarque et al., 2004; Locker and
Harvey, 2006). The essential connection to the actual
packaging process is the assumption that, in both cases,
packaging proceeds slowly enough that the DNA confor-
mation is at, or very near, equilibrium throughout the pro-
cess. To be sure that this is true in the simulations, we
did one run with equilibration carried out for ten times as
Figure 1. Coarse-Grained Representation of Bacteriophage
f29
(A)Model capsid forf29, constructedby elongating apentakisdodeca-
hedron and inserting 20 additional faces plus a cylinderical core that is
146 A˚ long and 108 A˚ in diameter (Tao et al., 1998).
(B) Space-filling model for the f29 capsid; each triangular face of the
polyhedron was filled with pseudoatoms with radii of 8 A˚.
(C) A typical conformation resulting from a 70 ms MD simulation of
packing DNA inside f29. Individual pseudoatoms (six base pairs) are
shown in this representation, clearly illustrating the folded toroidal ge-
ometry. A rainbow coloring scheme was used to distinguish between
the head (red) and tail (blue) of the DNA. Note that the capsid and con-
nector are not shown. Other conformations are shown in Figure S1.hts reserved
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(Figure S2; see the Supplemental Data available with this
article online) and force curve (Figure S3) are very similar
to those obtained by the standard protocol, indicating
that the models are sufficiently equilibrated at each step
in the standard protocol. As will be seen, this conclusion
is also supported by the agreement of the simulated force
versus distance curve with that obtained experimentally.
Structural Analysis
To generate an ensemble of DNA conformations, we per-
formed ten independent simulations by using different
seeds for drawing initial pseudoatomic velocities from
the Maxwell-Boltzmann distribution. The characteristic
motif of all conformations is the arrangement of DNA along
the capsid’s long axis (Figure 1C). Such amotif is preferred
for elongated capsids whose dimensions are comparable
to the persistence length of DNA (510 A˚). The arrange-
ment of DNA observed in our simulations is consistent
with several models proposed for packing DNA into
elongated bacteriophages (Black et al., 1985; Earnshaw
et al., 1978), but it is significantly different from thecoaxially
spooled models used in some theoretical studies (Purohit
et al., 2005; Tzlil et al., 2003). The three-dimensional
organization of DNA in the phage is more complex than
a simple spool and resembles a gently folded toroid, which
presumably minimizes the elastic bending energy (Hud
and Downing, 2001); the symmetry of folding varies from
one packaging trajectory to another (see Figure S1). In
a couple of cases (structures C and E of Figure S1), the
DNA alignment is not along the main axis, but at a
pronounced angle to it. These conformations still retain
the topology of folded toroids, however.
Thermodynamic Analysis
Having the complete packing trajectories allowed us to
examine not only structural issues, but also the thermody-
namic aspects of the DNA injection process. After each
10% of the genome was packed, we measured the force
required to hold the DNA inside the capsid. The force at
each point is obtained at equilibrium conditions, without
moving the DNA (Figure S4 and the movie at http://
rumour.biology.gatech.edu/publications/showcase). The
relationship between the force and percent DNA packed
averaged over ten trajectories is shown in Figure 2A. Since
the force at each point on the curve is measured under
equilibrium conditions, integration of the force versus dis-
tance curve yields the reversible work done during pack-
aging. The force is almost zero at the initial stages (up to
40%–50%) and increases to 55 pN at 100% of DNA
packed. Such behavior of the force curve shows excellent
agreement with the experimental single-molecule mea-
surements (Smith et al., 2001), and with earlier theoretical
calculations (Purohit et al., 2005). Calculations performed
in the absence of the long-range DNA-DNA interaction re-
sulted in a force of only20 pN (Locker andHarvey, 2006),
and the elastic deformation energy determined in that
study is close to the value reported here (see below).Structure 15, 2Run-to-run variations in the force increase monotoni-
cally up to 90% of the genome packed, with standard de-
viations reaching up to 11% of the corresponding force
values (error bars in Figure 2A). Such behavior is probably
due to structural differences in different packing trajecto-
ries (Locker and Harvey, 2006). Interestingly, smaller devi-
ations are seen for the force measured for the fully packed
Figure 2. Thermodynamic Quantities Calculated upon DNA
Injection into Bacteriophage f29
(A) The force versus the percentage of f29 genome packed.
(B) The Helmholtz free energy change, DA, obtained by integrating the
force versus distance curves; the internal free energy change, DU, cal-
culated as the sumof the force-field terms (packagedDNA freeDNA),
and the entropic term, obtained by subtraction, TDS = DA  DU.
(C) Decomposition of the total internal energy change, DU, into its
stretching, bending, electrostatic, and ‘‘soft sphere’’ volume-exclusion
components. All thermodynamic quantities were calculated for each of
ten individual conformations and averaged. Error bars represent
standard deviations.1–27, January 2007 ª2007 Elsevier Ltd All rights reserved 23
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discussed later.
Integration of the force curve obtained at 300K over the
length of the DNA results in the total reversible work, W,
required to perform the packaging, allowing us to estimate
the change in the Helmholtz free energy, DA = W. Data
presented in Figure 2B show that DA gradually increases
upon packing, reaching a value of 12,200 kcal/mol
(19,400 kT) at 100% packed. This is within 3% of the value
reported from single-molecule experiments (Smith et al.,
2001), a remarkable agreement, considering that the
model contains no parameters from experiments on vi-
ruses, except for the dimensions of the capsid. This
provides strong post hoc evidence for the validity of the
model’s parameters and for the packaging protocol.
A major advantage of these simulations is that they en-
able us to decompose the free energy change into its var-
ious components. The internal energy, DU, calculated as
the sum of stretching, bending, electrostatic, and volume-
exclusion components, reaches 7450 kcal/mol (61% of
the total work). The entropic penalty (TDS) associated
with the DNA confinement can be obtained as the differ-
ence between the internal energy and the total work, yield-
ing 4750 kcal/mol. The entropic penalty was assumed to
be negligible in previous theoretical studies (Forrey and
Muthukumar, 2006; Purohit et al., 2005). The use of the
coarse-grained model instead of an all-atom model in
this study may have some effect on these estimates of
the enthalpic and entropic costs of packaging. The critical
point, however, is that DNA packaging into the viral capsid
is associated with a large entropic penalty. This is due to
the loss of accessible conformational space upon confine-
ment of DNA within the capsid volume, which is smaller
by a factor of 1000 than the statistical volume occupied
by a free DNA chain.
Individual components of the internal energy are shown
in Figure 2C. It is seen that the injection of the first half of
the genome is governed by the elastic (primarily bending)
components. However, during the later stages of packing,
the largest component of the internal energy arises from
DNA-DNA repulsions, accounting for up to 78% of the
total internal energy. Therefore, in order to achieve a quan-
titative level of description of packaging, this term must
accurately reproduce the potential of mean force for
DNA-DNA interactions. We have developed a simple ex-
pression for the potential of mean force that includes the
effect of electrostatics and hydration forces observed
when free DNA is compressed by using osmotic pressure
(Parsegian et al., 1995; Strey et al., 1998) (see Experimen-
tal Procedures). The success of the present study argues
that this is a reasonably accurate treatment.
DISCUSSION
Combining the thermodynamic analysis with visual obser-
vation of the packing (movie at http://rumour.biology.
gatech.edu/publications/showcase) allows us to divide
the entire process into four stages. During the first stage
(up to 20% packed) the DNA differs little from a free,24 Structure 15, 21–27, January 2007 ª2007 Elsevier Ltd All riworm-like coil, and DU, DS, and DA are all very small.
The second stage (up to 55%–60% packed) is charac-
terized by the formation of the main structural pattern, ba-
sic features of which remain conserved until completion of
the injection. This stage is primarily governed by the elas-
tic properties of DNA, which explains why a correct qual-
itative description of packing can be achieved with even
a simple elastic model (Locker and Harvey, 2006). To
test this conclusion, we also performed MD packaging
of f29 with a Hamiltonian that included only the elastic
and volume-exclusion terms. The conformation resulting
from this simulation is topologically indistinguishable
from those obtained in the presence of the long-range
DNA-DNA interactions, again resembling a folded toroid
aligned along the principal axis of the capsid (Figure S5).
During the third stage (60%–85% packed), the electro-
static energy starts rising, and major ordering occurs as
the structure changes from a glassy to a near-crystalline
phase. At this point, DNA is already trapped in a local min-
imum and has a very limited ability to sample the remain-
ing conformational space, which results in the divergence
of the thermodynamic parameters of individual trajecto-
ries. This in turn leads to an increase in the standard devi-
ations in the packaging force (Figure 2A). Finally, the fourth
stage of injection is characterized by a large increase in
the electrostatic interaction between DNA strands, but
with only minor structural changes (primarily a decrease
in the separation between the strands). This explains the
decrease in the standard deviation seen in the force curve
at the late stages of injection. The last stage is mainly gov-
erned by long-range electrostatic forces, which are much
more sensitive to the total DNA density (Purohit et al.,
2005) than to conformational details. We conclude that it
is sufficient to use the proper values of the elastic moduli
to generate qualitatively correct conformations of DNA in-
side the capsid, but an accurate description of the DNA-
DNA interaction energy is required for an accurate quanti-
tative analysis of the packaging process.
Experimental structural information about DNA inside
phages is available from cryo-EM density maps recon-
structed by averaging over a large number of images of in-
dividual phages (Jiang et al., 2006; Lander et al., 2006; Tao
et al., 1998); thus, we calculated the density distribution
averaged over all simulated conformations. Each of the
ten independent conformations was rotated about the 5-
fold axis of symmetry of the model capsid to exclude a
subjective choice of the axial angle during averaging,
yielding a total of 50 DNA conformations. (Rotational aver-
aging somewhat improved the figures but does not affect
the conclusions drawn here.) The resulting density map
(shown in Figure 3) resembles the low-resolution (36 A˚)
cryo-EM map of f29 ‘‘organized into layers or shells’’
(Tao et al., 1998) and is strikingly similar to the recent
cryo-EM reconstruction of higher-resolution structures of
epsilon15 at 20 A˚ (Jiang et al., 2006) and P22 at 15 A˚
(Lander et al., 2006). The structural features of the average
density map are quite different from those seen for the
individual conformations (e.g., Figure 1C). The former
exhibit several distinctive concentric ellipsoidal ringsghts reserved
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more disordered middle part, but the individual structures
lack any coaxial-spooling motif, which might be inferred
from the average density map. Therefore, structural
models based on cryo-EM densities from reconstructions
of thousands of individual viruses must be viewed with
caution, because averaging over a large number of con-
formations provides only the most probable distribution
of DNA and does not provide information about individual
conformations.
Figure 3. Reconstructed Density Maps for DNA Packaged
inside the f29 Capsid
(A–C) The DNA density is shown in red; capsid and core densities are
shown in blue and yellow, respectively. (A) Equatorial cross-section.
(B) Longitudinal cross-section. (C) A cross-sectional view to show
the back half of the structure. Note that the concentric organization
in the density map averaged over multiple conformations is identical
to those seen experimentally (Jiang et al., 2006; Tao et al., 1998), but
one could not infer the individual folded toroidal conformation seen
in Figure 1C from the density reconstruction.Structure 15In conclusion, these simulations reveal both the struc-
tural and thermodynamic details of the packaging pro-
cess. The basic structural pattern is primarily determined
by the combination of capsid shape and elastic properties
of the polymer, and within this pattern a large range of in-
dividual conformations is found. The large force required
to inject the genome into the capsid and store it at high
pressure is primarily due to the repulsion between DNA
strands and is directly related to the DNA density. The
packing process is also associated with substantial
entropic changes. We are applying these methods to
study packaging of DNA into other bacteriophages, with
the goal of evaluating the predictive power of our models.
EXPERIMENTAL PROCEDURES
MD Procedure
All simulationswereperformedbyusing ourmolecular simulationpack-
age YUP, designed primarily as a tool for low-resolution modeling (Tan
et al., 2006). The details ofmodel construction are given elsewhere (Tan
et al., 2006). The Hamiltonian includes harmonic stretching and bend-
ing terms, and semiharmonic DNA-DNA and DNA-capsid volume-
exclusion terms. (Volume exclusion is modeled as the interaction be-
tween soft spheres.) The elastic parameters of DNA and all soft-sphere
constants are those reportedbyLocker andHarvey (2006). Specifically,
thenumerical valuesof constants are kb=3.5kcal/(mol,A˚
2),b0=19.9 A˚,
kq = 22.4 kcal/(mol,rad
2), q0 = p rad, kDNA-DNA = 3.5 kcal/(mol,A˚
2),
d0,DNA-DNA = 25.0 A˚, kDNA-Capsid = 8.8 kcal/(mol,A˚
2), d0,DNA-Capsid =
20.5 A˚. A cutoff distance of 50 A˚ was used for calculating the volume-
exclusion terms.
Long-range DNA-DNA interactions were parameterized to closely
match the experimental conditions (Smith et al., 2001) by using data
from osmotic pressure measurements for a solution containing
100 mMNaCl + 10 mMMgCl2; experimental data on osmotic pressure
were kindly provided by Donald Rau. Under these conditions, the
DNA-DNA interaction is repulsive, and the potential of mean force
can be approximated by a Debye-Hu¨ckel-like function containing the
charge and screening factor as effective parameters (see Figure S6):
EDNADNAðrÞ= Lb q
2
effexpðkeff ðr  2aÞÞ
r
; (1)
where qeff =12.6 e per pseudoatom, keff = 0.31 A˚1, Lb = 7.135 A˚, and
a = 12.5 A˚. We emphasize that this is an empirical relationship that in-
cludes the collective effects of electrostatics, solvation, and any other
contributions. The choice of this function is consistent with the other
approximations used for the reduced representation model used in
this study: the scale of our model lacks description of the major and
minor groves, and, therefore, all specific interactions are rotationally
averaged and implicitly included in the parameters. The cutoff distance
for the long-range DNA-DNA interactions was set to 75 A˚. At this dis-
tance, the DNA-DNA interaction becomes negligible (less than 0.1% of
the value at 25 A˚) due to the salt screening. We note that in the solution
containing 100 mM NaCl + 10 mMMgCl2, the DNA system undergoes
a hexagonal/cholesteric phase transition in the range of 32–35 A˚ (Don-
ald Rau, personal communication). The experimentally measured po-
tential of mean force in the cholesteric phase region (r > 35 A˚) includes
not only DNA-DNA interactions, but also contributions arising from
DNA motions (the entropic fluctuations) that induce local disorder
and lead to the increase in the decay length (Podgornik et al., 1996;
Rau andParsegian, 1992). In contrast, the theoretical fitwith Equation 1
was performed under the assumption of the ideal hexagonal geometry.
Therefore, the theoretical fit was performed only in the range of 25–32 A˚.
We note that this range also corresponds to the interaxial distances
observed for 70%–100% genome packed (Purohit et al., 2005), i.e.,
the region in which the DNA-DNA interaction becomes predominant., 21–27, January 2007 ª2007 Elsevier Ltd All rights reserved 25
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(studs) fixed inside the protein core and connected to DNA atoms by
springs with the force constant of ks = 0.6 kcal/(mol,A˚
2). Packaging
was simulated by ratcheting DNA pseudoatoms attached to the studs
into the capsid in a series of 10 A˚ steps, each followed by extensiveMD
equilibration of the entire structure (Locker and Harvey, 2006). The at-
tachment/detachment of springs between studs and DNA atoms was
performed on-the-fly by using the capabilities of the YUP package. All
simulations began with an equilibration time of 6 ns per step; this time
was linearly increased by 8 ps per step as packing progressed, to
achieve equilibrium at each step, resulting in a trajectory duration of
70 ms. Simulations were performed at 300K by coupling the f29
system to a Berendsen bath (Berendsen et al., 1984) with a coupling
time constant of 250 ps (Locker and Harvey, 2006).
Force Measurements
To determine the packaging forces, conformations obtained at inter-
vals of 10% along the packing trajectories were taken as starting
points for a series of new MD runs to measure the force. All systems
were equilibrated for an additional 20 ns at 300K before the force mea-
surement runs. As the DNA tries to push its way out of the capsid, the
harmonic restraints holding the DNA to the stud atoms at the entrance
to the capsid are stretched. This allows us to measure the force ex-
erted by the DNA on the studs, which is equal and opposite to the force
required to hold the DNA in the capsid. Note that the stud atoms and
DNA are restrained, so that, although the positions of these atoms fluc-
tuate, there is no net motion. Thus, the force is actually measured at
zero packing velocity, and integration of the force-distance curve gives
the reversible work. This is equal to the free energy change measured
at equilibrium. It is critical that the measurement be made at equilib-
rium, and the argument that we have, in fact, done so is supported
by three observations. First, the internal energy of the structure fluctu-
ates about a constant value during the forcemeasurements (Figure S4).
Second, slowing the simulations down by a factor of ten gives the
same kind of structure as the standard protocol (Figure S2). Third,
the longer simulation produces the same force versus distance curve
as the standard protocol (Figure S3).
Displacements of the DNA atoms connected to the studs were mea-
sured every 500 ps. The forces were calculated by multiplying the
displacements by the force constants. The force constant for the pseudo-
bonds that connect DNA beads and stud atoms during these force-
calculation trajectories, 0.2 kcal/(mol,A˚2), was softer than that used
to drive packing, to increase the accuracy of the results. The length
of the force-calculation trajectories was sufficient to collect 1000 sta-
tistically independent displacements for each run, and the resulting
standard deviations of the mean were less than 3% in every case.
Density Map Reconstruction
To reconstruct the density maps from the individual DNA conforma-
tions, we first created cylindrical segments of radius 20 A˚ between
each pair of adjacent DNA pseudoatoms and then filled the resulting
volume by randomly distributing 2000 points in each cylindrical seg-
ment. This number of points was chosen because with fewer than
about 1000 points per segment, it became difficult to find thresholds
that produced well-defined images from the final density maps; image
quality was not significantly better with 4,000 or 10,000 points per seg-
ment than with 2,000 points per segment. The coordinates of these
points were converted into a density map with Spider software (Frank
et al., 1996) with a voxel size of 3 A˚. Individual densities were averaged
and visualized with Chimera (Pettersen et al., 2004).
Supplemental Data
Supplemental Data include all ten simulated DNA conformations inside
f29, thermodynamic data on the extended MD run, potential energies
of the equilibrated system during forcemeasurements, a conformation
of DNA obtained without the long-range repulsive interaction between
DNA strands, and the potential of mean force for the DNA-DNA inter-26 Structure 15, 21–27, January 2007 ª2007 Elsevier Ltd All riaction and are available at http://www.structure.org/cgi/content/full/
15/1/21/DC1/.
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